From our theoretical treatment which is an extension of the classical Donnan theory, we have estimated the rational selectivity coefficients of the carboxylic groups of the walls during exchanges of divalent ions against monovalent ones (i.e. calcium and potassium or calcium and sodium ions).
Among the components of the cell wall, uronic acids and proteins play a major role in ion exchanges by plants (2, 12, 14, 18) . These different molecules carry carboxylic groups which can be ionized according to the pH and the ionic strength of the solution bathing the cell wall. The presence of these charges gives to the wall the properties of an ion exchanger. Mainly, the exclusion of co-ions (ions of the same sign as that of the fixed charges in the wall) and the exchange of counter-ions (ions of the opposite sign) go together with the selectivity properties.
Artificial ion exchangers have been widely studied and different models have been developed to explain the observed results (10, 13, 15, 21) . The absorption of ions by plant cell walls has been analyzed using the framework of the Donnan theory which assumes a uniform electric field in the wall, or else with the help of the double layer theory which takes into account the distribution of the potential in the wall (3, 25) .
In most cases, a simplified theory has been used (i.e. classical Donnan theory) where the activity coefficients and the specific interactions between the absorbed ions and the ion exchanger groups are neglected (4, 5, 17) . Such an analysis leads to a distribution of ions which is controlled by the charge of the different species only; it cannot explain the selectivity resulting from the specific interactions between the charged groups in the wall and a given diffusible species.
Due to these interactions, the ionization ofthe carboxylic groups is modified for varying external concentrations, and therefore so is the charge density of the wall. This charge density is important when one studies the distribution of ions between the wall and the neighboring medium. It is a parameter which intervenes in ion exclusion phenomena, distribution of counter-ions, swelling of the wall, and selectivity of the sites for the different species. Most theories used to explain ion absorption in cell wall implicitly assume a constant fixed charge density, whereas our charge density (6) . It seems that the interaction between carboxylic groups and Ca ions is so strong that only high concentrations of K might succeed in totally ionizing the uronic acids. From these experiments it was important to study quantitatively the exchange between Ca and K (or Na).
THEORETICAL REMINDER In a previous paper (6) we have shown that the distribution coefficient, as introduced from the ideal Donnan theory, cannot explain the observed results; even at low external concentrations of KCI, the chloride concentration inside the wall is far from being negligible. It has led us to introduce a coefficient ofdeviation (called r) to the ideal Donnan theory; this coefficient integrates all of the interactions (ion/ion, ion/charge) due to the nature of the wall (which can be considered as a concentrated polyelectrolyte solution) as well as the difference in the activity of water, inside and outside. The ionic distribution is thus written for a salt PMM M VAA A: (l) M stands for the counter-ion, A for the co-ion, v for stoichiometric coefficients, z for valences, C for molal concentrations; the bar refers to values inside the wall. As published previously (6) this coefficient a has enabled us to estimate the coefficient IF to be approximately equal to 0.2 for KCI in equilibrium with Casaturated cell walls.
Here we shall deal with an exchange between two species of counter-ions, Ml and M2, the valences of which are, respectively, ZM, and zM2; and there is a single co-ion A, the valence of which iS ZA.
The ionic distribution can be written for the two species M, and M2. than counter-ion 1. As it is seen in equation 3, the determination of K12 needs the knowledge of the C, hence of the volume of swelling water (which depends on the ionic strength ofthe external medium); thus, the interest of introducing a rational selectivity coefficient R12, defined from the ionic fractions X (which are volume independent). Even if K,2 -1 (there is then no selectivity), which brings one back to the case of the ideal Donnan law, the distribution of the various counter-ions in the cell wall will not be the same as in the outside medium, when the various ZM; have not the same value. Indeed in such a case, from equation 3, with ZM2 > ZM,, one obtains:
R2
because, for the ideal Donnan law:
2M is always satisfied. Hence, by raising to -power
This is a purely electrostatic effect (called electroselectivity) (1) which will tend to favor the accumulation of the counter-ion with the highest valence in the cell wall. (8) . It tends to minimize contamination of the cell wall material by cytoplasmic proteins. The plants are first plasmolyzed in I M sucrose solution for 2 hr; then they are ground in an ice-cold phosphate buffer (pH 7.2). The cell walls are extracted from the homogenate by centrifugation at 500g and 0 C, then they are washed successively in a phosphate buffer, 0.5% Triton X-100 solution, a I M NaCl solution, a 0.5 M NaHCO3 solution, and finally in pure acetone. Several washings with distilled H20 are made between each of these operations. The microscopic observations have shown no significant cytoplasmic contaminations.
MATERIALS AND METHODS
IR Characterization of Isolated CeUl Wall. In order to characterize the sites involved in the exchange of counter-ions, we have made IR measurements on cell walls neutralized with different counter-ions (Na3, K, or Ca) by using their respective hydroxide in the presence of the chloride salt (0.1 M); the pH of the solution was then 7.2. Other samples were in proton form. The different samples were washed with distilled H20, filtered and dried at 40 C for 20 hr. Three mg of dry cell walls were mixed with 500 mg of KBr and pressed at 100 bars to obtain the samples to be analyzed. The IR measurements have been performed on a Perkin Elmer 177 spectrograph; the reference was pure KBr. Typical spectra are presented in Figure 1 . The most interesting range is from 1,600 to 1,800 cm-'. The wall in the protonic form shows two bands, one at 1,775 cm-', corresponding to COOH stretch, and another one at 1,650 which is probably due to the presence of water. The wall, in salt form, presents one band at 1,620 cm-' and a shoulder at 1,550 cm-' corresponding to COO-. One must note that there are no significant differences between the spectra of the wall in the different salt forms.
The characteristics of the spectra are in good agreement with those obtained by Scharzmaier and Brehm (20) with the wall of Sphagnum.
Experimental Conditions. The samples of isolated cell walls (about 10 mg dry weight each) are placed in solutions with the same co-ion and different ratios of mono-to divalent counterions. Equilibrium is established by shaking the flasks for several hr; the walls are separated from the solution, and the counter-ions inside the wall are removed by a given volume of acid (same coion). The quantitative measurements are performed by using radioactivity for the minor ion, and flame photometry.
EXPERIMENTAL RESULTS
The isolated cell walls, previously put into either the Na or the Ca form, are equilibrated for several hr with different ratios of mono-and divalent ions. The counter-ions fixed in the wall are detected as indicated above. Experimental conditions and results are summarized in Table I .
In Figure 2 we have plotted the amount of Na ions fixed in the wall when varying the extemal concentration of Ca and Na. From these curves it is quite clear that increasing the concentration of Ca releases the Na previously fixed in the wall. The 10 mM) the remaining Na ions are only slightly displaced and thus seem to be tightly fixed in the wall; their affinity for the carboxylic groups increases. This is due to a decrease of the probability for the Ca ions to find two free neighboring sites. This effect will be discussed more thoroughly further on.
Concentration of Ionized Groups. Figure 3 gives the concentration of ionized carboxylic groups. It is determined by summing up the fLxed Ca and Na ions and assuming a constant swelling (0.7 g of water/g of wet cell wall). At pH 7 the carboxylic groups seem to be totally ionized, with a mean value of 440 ± 50 mm. There is some dispersion of the experimental results; it is probably due to the fact that the washing of the samples is not too thorough (in order to avoid any hydrolysis of the carboxylates). At pH 4, only a high concentration ofCa can totally ionize the carboxylic groups, given the high affinity of the COO-for protons.
Ion Exchange Isotherms. In order to analyze the ionic exchanges we have plotted different isotherms in Figures 4 (exchange Ca/Na), 5 (exchange Ca/K), and 6 (exchange Na/K). Such curves are pseudoisotherms only, since the ionic strength was not kept constant. We have drawn the theoretical curves of electroselectivity assuming that the total concentration of fixed charges is equal For the mono/divalent ion exchanges the experimental isotherms are concave to abscissa, and they lie above the corresponding theoretical electroselectivity curves. As shown in the theoretical reminder, this supports the assumption of a specific affinity of the wall carboxylic acids for Ca ions as compared to K or Na ions. Conversely, for the Na/K exchange, the relative affinity for the two ions depends on the concentration conditions; for XNa below 0.7 the Na+ ions are fixed preferentially to the K+ ions, whereas the reverse becomes true for XNa above 0.7. To quantify these phenomena the rational selectivity coefficients have been calculated and are discussed below.
Rational Selectivity Coefficients. Table II gives the value of the rational selectivity coefficients (see equation 4) by correlating them with the composition and the ionic strength of the experimental medium.
Influence of Ionic Fraction. The rational selectivity coefficients are plotted on Figure 7 in the case of a mono/divalent ion exchange. A maximum is observed for an ionic fraction in the range of 0.1 to 0.3, showing that in these conditions, the affinity of the carboxylic groups for the Ca ions is highest. This behavior has been described by Foliard on polyacrylic membrane (9) with a maximum of selectivity for XC. near 0.3. The maximum could be interpreted as a result of two antagonistic processes: when the ionic fraction is almost zero, Ca uptake is determined by the swelling rate, increasing Ca concentrations draws the pectinic acid chains closer together by reducing the swelling of the wall, and it promotes the bonding of Ca to pairs of neighboring charges; when the ionic fraction of Ca in the wall (Xka) is high, the probability of Ca finding two free neighboring sites decreases (saturation effect). For the Na/K exchange, RK decreases over the whole range of studied concentrations.
Influence of Ionic Strength. At constant ionic fraction, by increasing the ionic strength of the bathing medium, the relative affinity of the wall for the Ca ions is decreased (as can be observed 
